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under	 southern	 conditions.	 In	 contrast,	 in	 the	 same	 communities,	 another	 aphid	
species	 (Megoura viciae)	 reached	 higher	 population	 densities	 under	 northern	
conditions.	This	effect	at	the	aphid	level	was	driven	by	an	indirect	effect	of	daylength	
causing	 a	 change	 in	 competitive	 interaction	 strengths,	 with	 the	 different	 aphid	
species	 being	 more	 competitive	 at	 different	 daylength	 regimes.	 Additionally,	
increasing	 daylength	 also	 increased	 growth	 rates	 in	 M. viciae	 making	 it	 more	
competitive	under	summer	long	days.	As	such,	the	shift	in	daylength	affected	aphid	
population	 sizes	 by	 both	 direct	 and	 indirect	 effects,	 propagating	 through	 species	
interactions.	However,	 contrary	 to	expectations,	 parasitoids	were	not	 affected	by	
daylength.	Our	results	demonstrate	that	range	expansion	of	whole	communities	due	
to	climate	change	can	indeed	change	interaction	strengths	between	species	within	
ecological	 communities	 with	 consequences	 for	 community	 dynamics.	 This	 study	
provides	the	first	evidence	of	daylength	affecting	community	dynamics,	which	could	
not	be	predicted	from	studying	single	species	separately.
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1  | INTRODUC TION
Climate	 change	 has	 led	 to	 an	 increase	 in	 global	 temperatures	
(Hansen,	 Sato,	Ruedy,	 Schmidt,	&	Lo,	2016),	which	 is	predicted	 to	
continue,	with	a	projected	 increase	 in	 the	mean	global	 surface	air	
temperature	of	3.0°C	by	the	end	of	the	21st	Century	(2071–2100),	






































a	 conceptual	 framework	 of	 the	 direct	 and	 indirect	 effects	 of	 cli-
mate	change	on	a	food	web.	For	example,	the	harvesting	of	a	single	
parasitoid	 species	 led	 to	 a	 community-	wide	 extinction	 cascade	 in	
a	 recent	 experiment,	 an	 effect	 that	was	 transmitted	 indirectly	 via	














































We	 used	 eight	 climate	 chambers	 (Percival	 Model	 1-	30vl)	 pro-
grammed	 to	 constant	 22°C	 and	75%	humidity.	 The	 temperature	
was	kept	constant	so	as	to	enable	the	separation	of	daylength	from	
any	 confounding	 impact	 of	 temperature,	which	 has	 been	 shown	
to	be	 linked	to	photoperiod,	see	Fischer	et	al.	 (2012).	To	test	for	
the	 effect	 of	 daylength	 on	 aphid-	parasitoid	 communities,	 four	
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chambers	 produced	 a	 day–night	 cycle	 of	 14.5–9.5	hr	 (Southern)	
(depicting	 Marseille,	 France,	 43°N,	 average	 daylength	 for	 the	
9	weeks	either	side	of	the	summer	solstice),	while	the	other	four	
units	produced	a	22–2-	hr	day–night	cycle	 (Northern)	 (replicating	
Mosjoen,	 Norway,	 65°N	 for	 the	 same	 time	 period).	 These	 loca-
tions	 were	 used	 to	 provide	 two	 distinct	 conditions	 for	 summer	






Present”	 or	 excluded	 “Competitor	 Absent.”	 This	 extended	 com-
munity	allows	for	resource	competition	(Holt,	1977)	between	the	

























two	 female,	 mated	 parasitoids	 of	 A. megourae	 were	 introduced	 to	
each	cage	with	a	further	two	added	at	week	5.	This	double	introduc-
tion	allowed	for	continuous	production	of	parasitoids	throughout	the	
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the	experiment,	with	the	oldest	plants	 in	each	cage	being	replaced	






In	order	 to	explain	 the	effects	of	 the	main	experiment,	we	 set	up	
an	 additional	 competition	 experiment	 using	 three	 aphid	 combina-
tions;	A. pisum	 only,	M. viciae	 only	 and	 a	 combination	 of	 two	 spe-












1. Log-transformed	 cumulative	 abundance	 (for	 each	 species,	 the	
total	 number	 of	 individuals	 for	 each	 cage	 over	 the	 length	 of	
the	 experiment),	 with	 Gaussian	 error	 structure.






















the	 nlme	package	 (Pinheiro	 et	al.,	 2017).	We	used	VarIdent	 to	 ac-
count	for	variance	heterogeneity	in	effect	sizes	between	treatment	




selection	 (Akaike,	 1998).	 Models	 for	 all	 analyses	 were	 visually	





The	aphid	M. viciae	was	not	 affected	by	daylength	 in	 the	 absence	











Peak	 abundances	 of	 M. viciae	 were	 not	 affected	 by	 daylength	
in	 the	 absence	 of	 the	 competitor	 but	 in	 the	 presence	 of	 the	
competitor,	 the	 Northern	 treatment	 lead	 to	 56%	 higher	 abun-
dances	 than	 the	 Southern	 Treatment	with	A. pisum	 present	 (GLM	
Community	×	Daylength	t =	−3.32	(1,	28)	p	=	0.003).	The	peak	den-
sities	 of	 both	 the	 aphid	A. pisum	 (Treatment	GLM	 t	=	1.52	 (1,	 16),	
p	=	0.15)	and	the	parasitoid	A. megourae	(Treatment	t	=	−0.53	(1,	30),	
p	=	0.6,	 community	 t	=	1.12	 (1,	29),	p	=	0.27)	were	not	affected	by	
daylength,	see	Figure	3.
3.3 | Parasitism rate
Parasitism	 rate	 of	 the	 aphid	M. viciae	 by	 the	 parasitoid	A. megou-
rae	was	 not	 affected	 by	 daylength	 or	 the	 presence	 of	 competitor	
(Treatment	[Daylength,	Community]	GLM	t	=	−0.56	(1,	30),	p	=	0.6).
3.4 | Aphid population growth rate
The	population	growth	rate	of	M. viciae	was	reduced	by	72%	by	the	
presence	 of	 the	 competitor,	 A. pisum	 (t	=	−2.90	 (1,	 29)	 p	=	0.007),	
with	no	effect	of	daylength	 (t	=	−0.85	 (1,	30)	p	=	0.40),	or	 interac-
tion	between	daylength	and	community	(t =	1.352	(1,	31),	p	=	0.187).	
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Daylength	 regime	 did	 not	 affect	 the	 population	 growth	 rate	 of	
A. pisum	(t	=	−1.51	(1,	14),	p	=	0.15).
3.5 | Competition experiment
In	 an	 additional	 experiment,	 we	 tested	 whether	 aphid	 growth	
would	be	affected	by	the	 interplay	between	daylength	treatment	
and	 competition	 between	 aphids	 in	 the	 absence	 of	 parasitoids.	
Megoura viciae	 numbers	 were	 indeed	 reduced	 when	 compet-
ing	 with	 A. pisum	 under	 short	 daylength	 but	 not	 long	 days	 (see	
Figure	4).	Megoura viciae	abundance	declined	by	86%	in	the	pres-
ence	of	A. pisum	under	short	day	conditions	(z	=	−5.35	p < 0.001). 
Interestingly,	the	opposite	pattern	was	observed	for	A. pisum,	with	
its	 densities	 being	 strongly	 negatively	 affected	with	 a	 reduction	
by	81%	in	the	presence	of	M. viciae	under	long	day	condition	(see	
Figure	4,	 z =	−2.65	 p	=	0.036).	Megoura viciae	 densities	were	 also	
higher	 under	 22	 than	 14.5	 daylength	 indicating	 that	 in	 isolation	







found	 a	 decrease	 in	 cumulative	 abundance	 of	 the	 aphid	 A. pisum 
under	Northern	conditions,	coupled	with	an	increase	in	cumulative	
and	peak	abundances	of	the	aphid	M. viciae.	However,	M. viciae did 
not	respond	to	daylength	when	it	was	the	only	aphid	species	present	
in	the	food	web	experiment.	This	shows	that	an	increase	in	summer	
daylength,	 associated	with	 a	poleward	 range	 shift,	 has	 an	 indirect	
positive	 impact	 on	 one	 pest	 species	 due	 to	 reduced	 competition	
from	 another	 that	 is	 negatively	 affected	 by	 increased	 daylength.	
Interestingly,	 the	 competition	 experiment	 demonstrated	 that	 the	
competitive	dominance	between	 the	 two	aphids	 species	 switched	
with	 daylength.	Megoura viciae	 is	 the	 dominant	 competitor	 under	
long	days	while	it	suffers	more	from	competition	with	A. pisum	under	
short	days.	This	explains	the	outcome	in	the	food	web	experiment,	
























differences	 between	 the	 treatments	 over	 at	 least	 three	 genera-
tions	(Figure	2e).	Photoperiod	has	been	shown	to	affect	individual	
growth	rate	and	body	size	for	a	number	of	insects,	a	response	that	
may	or	may	not	 be	 adaptive	 (Gotthard,	Nylin,	&	Wiklund,	 1999;	
Margraf,	Gotthard,	&	Rahier,	2003;	Shama	&	Robinson,	2006)	and	
we	 suggest	 that	A. pisum	 and	M. viciae	 were	 indeed	 affected	 by	
daylength	 but	with	 very	 different	 outcomes,	 which	 is	 intriguing	
because	 the	 two	 species	 are	 ecologically	 and	 phylogenetically	
similar.
Our	 prediction	 that	 longer	 days	 would	 lead	 to	 increased	
top-	down	control	of	aphids	by	parasitoids	due	to	extended	ac-
tivity	 patterns	 had	 a	 number	 of	 underlying	 assumptions.	 First	
of	 these	 is	 that	 parasitoids	 are	 time-	limited	 rather	 than	 egg-	
limited,	 or,	 in	other	words,	 that	 the	number	of	hosts	 a	 female	
parasitoid	parasitises	is	limited	by	the	number	of	hosts	that	she	
encounters	 (Henri	&	Van	Veen,	2011).	 It	 is	not	unlikely	 that	 in	
the	confines	of	our	experimental	cages,	with	high	densities	of	
aphids,	the	female	parasitoids	encountered	a	sufficient	number	
of	hosts	 for	all	 their	eggs	even	 in	 the	shorter	day.	Further	 re-
search	is	required	under	realistic	field	conditions	in	which	host	
encounter	 rates	will	 be	 lower	 to	 test	 the	 effect	 of	 changes	 in	
photoperiod	 on	 parasitoid	 efficiency.	 Our	 second	 assumption	
was	 that	 increased	 parasitoid	 attack	 rate	 would	 lead	 to	 in-
creased	parasitoid	population	growth	and	increased	parasitism	
rate	 of	 the	 host	 aphid.	 It	 is,	 however,	 possible	 that	 higher	 at-
tack	rates	lead	to	reduced	parasitoid	lifespan	(Werner	&	Anholt,	
1993)	so	that	there	is	overall	 little	net	effect	on	the	parasitoid	
population	growth.	 It	 should	also	be	noted	 that	 the	parasitoid	
populations	 in	 the	experiment	 remained	relatively	 low	despite	
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